Objectives: Objective screening tool for patients at a high risk of developing acute brain injury (ABI) is necessary for the proper treatment of carbon monoxide (CO) poisoning patients. The aim of this study is to identify clinical factors that could predict ABI due to CO poisoning in patients with an altered mental status.
C arbon monoxide (CO) poisoning is one of the leading causes of poisoning death worldwide. [1] [2] [3] In the United States, 50,000 emergency department (ED) visits and 1,200 deaths were annually occurred due to non-fire-related CO poisoning. 4 CO poisoning can lead to disastrous complications such as myocardial injury, acute brain injury (ABI), and delayed neurologic sequelae (DNS), which was reported up to 40% of patients who survive CO poisoning.
Patients with CO poisoning presenting with an altered mental status are at a high risk of developing ABI; however, the diagnosis and identification of ABI are challenging due to the complexity and heterogeneity of CO poisoning cases, especially those concerning intentional CO exposure. Additionally, since they have a high likelihood of alcohol or other sedative hypnotic drugs coingestion and noncooperation of clinical examination make the diagnosis more difficult.
Despite attempts to risk stratify CO poisoning patients, no clinical variables, including initial carboxyhemoglobin (COHb) concentrations, reveal the severity of impairment and identify patients in whom hyperbaric oxygen therapy would be beneficial. [5] [6] [7] Hyperbaric oxygen therapy was recommended for severe CO poisoning patients due to its potential benefit in preventing inflammatory changes in the brain and consequently reducing the rate of DNS after CO poisoning. 7, 8 Objective screening tool for patients at a high risk of developing ABI is necessary for the proper treatment of CO poisoning patients, especially hyperbaric oxygen therapy. The presence of acute brain lesions identified by diffusion-weighted magnetic resonance imaging (DW-MRI) is associated with the development of neurologic sequelae after acute CO poisoning. 9 Due to cost and time constraints, DW-MRI examination for all CO poisoning patients with an altered mental status is prodigal. Therefore, it is crucial to identify risk factors associated with ABI before adopting an approach to manage CO poisoning emergency cases. In this study, we tried to identify clinical factors that would help predict ABI in CO poisoning patients with an altered mental status.
METHODS

Study Design
This prospectively collected registry-based study was performed at the ED of our hospital, a tertiary care, university-affiliated hospital in Seoul, Korea. We prospectively screened CO poisoning cases included in the CO poisoning registry since 2009 based on exposure history to CO and elevated COHb concentration. Cases of CO exposure due to fire accidents were excluded. Threshold COHb concentrations for the diagnosis of CO poisoning were considered as ≥5% for current smokers and patients whose current smoking status was not known and ≥3% for nonsmokers. COHb concentration may be less than this threshold if patients were admitted late to the ED after the end of CO exposure but they were not enrolled in the CO poisoning registry for diagnostic clarity. The institutional review board of our hospital approved the study (Study No. 2016-0548) and waived the requirement for informed consent because the study involved the analysis of a case registry.
Study Setting and Population
The study included all consecutive acute CO poisoning cases that were not related to fire accidents in adults (age > 18 years) admitted to the ED with an altered mental status and underwent DW-MRI of the brain between January 1, 2013, and December 31, 2015. Mental status upon arrival at the ED was assessed according to the alert/responsive to voice/responsive to pain/unresponsive (AVPU) scale; unalert patients were considered to have an altered mental status. 10, 11 The AVPU values correspond to Glasgow Coma Scale scores of 15, 13, 8, and 3, respectively, in the poisoned patient. 10, 12 Patients were excluded from this study if they refused laboratory or brain DW-MRI examination and treatment, were not known their exposure duration of CO, or were lost to follow-up. According to our protocol, brain DW-MRI was considered for all CO poisoning patients unless they refused examination and treatment; MRI was contraindicated in patients with unfavorable medical conditions. 9 The primary outcome of this study was the presence of ABI identified by DW-MRI as determined jointly by two investigators (one emergency physician and one neurologist) who were blinded to clinical data and outcomes. For cases of disagreement, a third investigator (neurologist) ultimately decided. The patients were categorized into two groups: patients with and without ABI.
Study Protocol
All patients received 100% oxygen using a nonrebreather face mask and, if indicated, using an endotracheal tube after intubation. Patients with signs of serious CO poisoning or COHb concentrations of ≥25% were treated with hyperbaric oxygen therapy using a monoplace hyperbaric chamber. If the patients showed unstable vital signs, hyperbaric oxygen therapy was delivered after stabilization. The target pressure was 2.5 atm, and the total duration was 90 minutes per session. Patients were treated with a mechanical ventilator, continuous renal replacement therapy, or continuous vasopressor infusion, if indicated. The family and patient education about DNS symptoms were performed by the physician and nurses during hospitalization, and patients received brochures about DNS symptoms with the contact information. 9 Patients were encouraged to call using the contact information if they had any abnormal neurologic symptom or signs. 9 They were also recommended to visit neurology clinic regularly after discharge and followed-up by telephone interview on the sixth week after discharge. 9 DNS was defined as any neurologic symptom or sign that newly developed within 6 weeks of discharge from ED and could include motor deficits, cognitive decline, dysphagia, dysarthria, dyspraxia, parkinsonism, seizures, psychosis, and mood disorders. 7, 9 Diffusion-weighted MRI was used to detect ABI in cases of CO poisoning. ABI was defined as newly developed brain lesions with high signal intensities identified by DW-MRI. 9 DW-MRI could indicate the cytotoxic edema in the damaged cerebral white matter after CO poisoning objectively and quantitatively. [13] [14] [15] High signal intensities due to chronic lesions or underlying conditions, such as old infarction, diffuse atrophy, encephalomalacia, and chronic subdural hematoma, were excluded. 9 A 1.5-T MRI system (Avanto, Siemens Healthcare) was used.
Measures
Patient demographics, clinical characteristics, and clinical outcomes were retrieved from the CO registry. Clinical characteristics included the intention of CO poisoning, the duration of CO exposure, interval between exposure termination and arrival at the ED for MRI examination, coingestion of sedative hypnotics and alcohol, comorbidities, mental status upon arrival at the ED, initial vital signs upon arrival at the ED, and initial laboratory findings. Intentional CO poisoning was defined as CO exposure with the purpose of attempting suicide or self-harm. Mental status was assessed based on the AVPU scale. The normal range of WBC count is between 4.0 9 10 9 and 12.0 9 10 9 /L and that of creatinine concentration is <1.20 mg/dL. Clinical outcomes were in-hospital mortality, length of hospital stay, and the development of DNS after discharge.
Data Analysis
Continuous variables are expressed as mean AE standard deviation (SD) when normally distributed and as median with interquartile range when nonnormally distributed. Variables were tested for normal distribution using the Kolmogorov-Smirnov test. Categorical data are presented as absolute numbers and percent frequencies. A t-test was used to compare the values of normally distributed continuous variables, and MannWhitney U-test was used to compare the values of nonnormally distributed continuous variables. Differences between categorical variables were analyzed using the chi-square test or Fisher's exact test, as appropriate. Clinically significant baseline characteristics were first examined using univariate logistic analysis. Age, sex, and variables displaying p < 0.10 were analyzed by multivariate logistic regression based on a backward elimination method; results of logistic regression analysis are presented as odds ratios (ORs) and 95% confidence intervals (CIs). Variables were tested for goodness of fit using variable methods such as Hosmer-Lemeshow test and Stukel\ test. A receiver operating characteristic curve was used to determine the accuracy of variables in predicting the presence of ABI. The area under the curve (AUC) of each variable for the presence of ABI was also calculated. The optimal cutoff value of exposure duration, WBC count, and creatinine concentration were determined using the Youden index, which defines the cutoff in terms of the maximal sum of sensitivity and specificity. Twotailed p < 0.05 was considered statistically significant. Cohen's kappa was calculated to quantify inter-rater agreement for the presence of ABI. All statistical analyses were performed using SPSS for Windows, version 20.0 (SPSS Inc.) and R version 3.4.2 (R Foundation for Statistical Computing).
RESULTS
Between January 1, 2013, and December 31, 2015, a total of 332 cases of CO poisoning that were not due to fire accidents in adults with an altered mental status upon arrival at our ED were recorded (Figure 1 ). Of these cases, 152 were excluded from the study because the patients refused laboratory or brain DW-MRI examination and treatment (n = 82), were not known their exposure duration of CO (n = 52), or were lost to follow-up (n = 18). A total of 180 cases were finally included in this study and categorized into the ABI (n = 67, 37.2%) and no ABI (n = 113, 62.8%) groups. The kappa value of inter-rater agreement for the presence of ABI was 0.903 (95% CI = 0.838-0.969). Table 1 summarizes the baseline clinical characteristics and outcomes of the patients in the two groups. All patients had a median age of 41 years and were predominantly males (67.8%). Intentional CO poisoning was more frequently observed in the no-ABI group (22.4 vs. 9.7%, p = 0.02). Exposure durations in the ABI group were more than three times of that in the no-ABI group (median = 9.5 hours vs. 2.6 hours, p < 0.001). The coingestion rate of sedative hypnotics and alcohol was not significantly different between two groups (sedative hypnotics, 16.4% vs. 26.5%, p = 0.12; alcohol, 49.3% vs. 60.2%, p = 0.15). Patients (11/67, 16.4%) in the ABI group arrived at the ED with an unresponsive mental status, whereas only 3.5% (4/113) in the no-ABI group were unresponsive upon arrival at the ED. Statistically significant differences between these groups were evident in terms of COHb concentrations, white blood cell (WBC) counts, and creatinine concentrations. Initial COHb concentrations were lower in the ABI group than in the no-ABI group (median = 29.8% vs. 35.1%, p = 0.03), whereas WBC counts (median = 15.9 9 10 9 vs. 10.9 910 9 /L, p < 0.001) and creatinine concentrations (median = 1.03 mg/dL vs. 0.81 mg/dL, p < 0.001) were higher in the ABI group than in the no-ABI group. A total of 53 patients (29.4%) were treated hyperbaric oxygen therapy before MRI examination without statistically significant differences between the ABI and no-ABI groups (32.8% vs. 27.4%, p = 0.44).
Clinical outcomes in the ABI group significantly differed from those in the no-ABI group. Patients in the ABI group were hospitalized for longer durations than those in the no-ABI group (median = 3.0 days vs. 1.7 days, p < 0.001). All persistent neurologic sequelae (2/180, 1.1%) and inpatient deaths (1/180, 0.6%) occurred in the ABI group. The rate of DNS development was about ninefold higher in the ABI group than in the no-ABI group (81.3% vs. 8.8%, p < 0.001).
In univariate analysis, ABI was significantly more likely to be present with increase of CO exposure duration (OR = 1.220, 95% CI = 1.141-1.315, p < 0.001), WBC count (OR = 1.140, 95% CI = 1.079-1.211, p < 0.001), and creatinine concentration (OR = 9.615, 95% CI = 3.666-29.003, p < 0.001), whereas coingestion of sedative hypnotics (OR = 0.642, 95% CI = 0.348-1.180, p = 0.15) and alcohol (OR = 0.543, 95% CI = 0.243-1.146, p = 0.12) showed no significance (Data Supplement S1, available as supporting information in the online version of this paper, which is available at http://onlinelibrary.wiley.c om/doi/10.1111/acem.13510/full). The AUC for the presence of ABI was 0.815, 0.724, and 0.722 in cases of CO exposure duration, WBC count, and creatinine concentration, respectively (Figure 2 ). The optimal cutoff value for CO exposure duration, based on the Youden index, was 5 hours with sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) as 79.1, 69.9, 60.9, and 85.0%, respectively. Multivariate logistic regression analysis indicated that CO exposure duration > 5 hours (AOR [adjusted odds ratio] = 7.082, 95% CI = 3.463-15.014, p < 0.001), abnormal WBC count (AOR = 2.568, 95% CI = 1.188-5.700, p = 0.02), and abnormal creatinine concentration (AOR = 2.667, 95% CI = 1.110-6.605, p = 0.03) were independent predictors of the presence of ABI in CO poisoning patients ( Table 2) .
The presence of ABI increased with the prolongation of CO exposure duration from the first to the fourth quartile (Table 3) . Compared with ABI occurrence in patients with CO exposure durations < 100 minutes, ABI occurrences in patients with CO exposure durations of 100 to 260 minutes (OR = 4.400, 95% CI = 1.137-17.026), 261 to 570 minutes (OR = Figure 1 . Flowchart of the study patients. ABI = acute brain injury; CO = carbon monoxide; DW-MRI = diffusion-weighted magnetic resonance imaging. Categorical values are expressed as number (%) and continuous values are expressed as mean AE SD or median (interquartile range), as appropriate. ABI = acute brain injury; BP = blood pressure; COHb = carboxyhemoglobin; DNS = delayed neurologic sequelae; HBO = hyperbaric oxygen; MRI = magnetic resonance imaging; WBC = white blood cell. *COHb was not evaluated for 19 patients (seven in patients with ABI and 12 in patients without ABI).
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11.760, 95% CI = 3.182-43.459), and >570 minutes (OR = 40.727, 95% CI = 10.485-158.193) were high.
DISCUSSION
In this study, we found that almost 40% (67/180) of CO poisoning patients with an altered mental status upon arrival at the ED had ABI as detected by DW-MRI, and CO exposure duration, WBC count, and creatinine concentration were predictors of ABI. Among these three predictors, ABI was more dependent on CO exposure duration (AUC = 0.815) than WBC count (AUC = 0.724) and creatinine concentration (AUC = 0.722); CO exposure duration > 5 hours (AOR = 7.082, 95% CI = 3.463-15.014, p < 0.001) was an independent predictor of the presence of ABI. Health risks associated with CO vary with its concentration and duration of exposure. They range from subtle cardiovascular and neurobehavioral effects at low CO concentrations to unconsciousness and death Figure 2 . Receiver operating characteristic curves of CO exposure duration, WBC count, and creatinine concentration for predicting ABI. ABI = acute brain injury; AUC = area under the curve; CO = carbon monoxide; WBC = white blood cell. after prolonged exposures or after acute exposures to high CO concentrations. Although CO concentration cannot be accurately estimated, exposure duration can be evaluated; therefore, first responders and clinicians should attempt to obtain this information in CO poisoning patients with an altered mental status. The relationship between exposure duration and the severity of intoxication has been established; however, no correlation is reported between specific exposure duration and ABI. 12, 16 According to the present findings, CO exposure duration of >5 hours predicted ABI with 79.1% sensitivity, 69.9% specificity, 60.9% PPV, and 85.0% NPV.
Although alteration in mental status is common in patients after CO poisoning, the prevalence of ABI in these patients remains unexplored. In our study, DW-MRI analysis revealed abnormalities in 40% of CO poisoning patients with an altered mental status. O'Donnell et al. 17 reported that 12 of 19 (63.2%) unconscious CO poisoning patients had abnormal brain lesions based on MRI examination. However, another study reported that 104 of 387 (26.9%) CO poisoning patients were diagnosed with ABI irrespective of their mental status; this is lesser than that (40%) found in this study for patients with an altered mental status. 9 However, 60% of the CO poisoning patients with an altered mental status did not have any brain abnormalities upon analysis by DW-MRI. Although altered mental status and unconsciousness have been suggested as good indicators of the severity and deleterious outcomes of CO poisoning, 7, [17] [18] [19] these symptoms could also be due to the anesthetic properties of CO or the effects of coingestion of sedative hypnotics and/or alcohol, rather than due to hypoxic brain injury or brain lipid peroxidationinduced injury. 20, 21 Our data showed that CO exposure duration > 5 hours (AOR = 7.082, 95% CI = 3.463-15.014, p < 0.001), abnormal WBC count (AOR = 2.568, 95% CI = 1.188-5.700, p = 0.02), and abnormal creatinine concentration (AOR = 2.667, 95% CI = 1.110-6.605, p = 0.03) are independent predictors of ABI in CO poisoning patients with an altered mental status. These findings may be helpful to screen patients who need to be examined by MRI to identify ABI and to prioritize the immediate transfer of these patients to facilities capable of providing intensive care. Consistent with previous studies, longer CO exposure durations were associated with greater risks of developing ABI irrespective of COHb concentrations. 7, 16, 19 Elevated WBC count as an independent predictor of ABI might be associated with increased oxidative stress due to CO-induced neutrophil activation and tissue damage. 7, 22, 23 Creatinine concentration as an indicator of kidney injury may reflect the severity of CO poisoning. 24 
LIMITATIONS
Our study has several limitations. First, our cohort consisted of patients from a single medical center, which limits the generalization of our findings to other institutions or patient populations. Second, clinical heterogeneity should be acknowledged. CO exposure durations of 52 of 232 patients (22.4%) were not known, and the multivariate analysis included only patients with known CO exposure durations; therefore, the results could be biased. Additionally, patients were exposed to different but unknown concentrations of CO and received different duration of oxygen therapy, especially in the prehospital setting. Third, the size of brain lesions and the time of DW-MRI examination after CO exposure could affect the results. However, the time interval between CO exposure termination and MRI examination did not differ between the two groups. Finally, despite the same treatment protocol followed for all patients in our institution, differences in prehospital management were not considered. In our country, emergency medical service providers generally recommended to administer 100% oxygen using a nonrebreather face mask for CO poisoning patients during ambulance transport; however, we did not have the data of emergency medical service. Also, CO poisoning patients who presented themselves to our ED could not receive any prehospital management, which might affect the results.
CONCLUSION
In conclusion, we identified carbon monoxide exposure duration, white blood cell count, and creatinine concentration as significant predictors of acute brain injury in carbon monoxide poisoning patients with an altered mental status. Especially, carbon monoxide exposure duration had the highest acute brain injury predictive value with the optimal cutoff value as 5 hours. Therefore, we carefully suggest that carbon monoxide exposure duration might be used as a simple tool for predicting the presence of acute brain injury in carbon monoxide poisoning patients with an altered mental status. Additionally, carbon monoxide poisoning patients with documented or suspected prolonged exposure durations should be examined more thoroughly for acute brain injury. Further study should be warranted to confirm our results.
